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ABSTRACT
Shock tube experiments provide insightful data on combustion, emissions, and ablation
characterization for a wide variety of defense and energy sector research topics. Accurate characterization
of shock tube facilities is essential to verifying the accuracy of research data. Non-ideal effects, such as
boundary layer growth, introduce uncertainty into pressure and temperature conditions, the primary
independent variables of interest for shock tube research results. The effect of boundary layer growth on
shock tube experiments was investigated by conducting simulations for University of Central Florida’s
two geometrically different shock tube using StanShock, a quasi-one-dimensional, reacting, compressible
flow solver. The characteristic quantities considered for non-ideal effects and their impact on experiments
is the post-reflected-shock pressure rise, dp*/dt, and the incident shock wave attenuation, which are
calculated from simulated pressure data and developed into correlations for shock tube characterization
and experiment planning.

ii

I’d like to dedicate this first to Jesus, who saved me from my sins and has given me an
eternal purpose, then to my wife for her selfless love and grace, as finally to my family for their
love and support.

iii

ACKNOWLEDGMENTS
This would not have been possible without the contributions of many others. I would like
to thank my adviser, Dr. Subith Vasu, for his guidance and direction, as well as my committee
members, Dr. Michael Kinzel and Dr. Alain Kassab, for their feedback and suggestions. I also
must thank Justin Urso, Andrew Laich, Anthony Terracciano, Erik Ninnemann and others in the
research group for their assistance and advice for this project.

iv

TABLE OF CONTENTS
LIST OF FIGURES ....................................................................................................................... vi
LIST OF TABLES ........................................................................................................................ vii
INTRODUCTION .......................................................................................................................... 1
Non-Ideal Effects ........................................................................................................................ 1
Literature Review........................................................................................................................ 2
METHODOLOGY ......................................................................................................................... 3
Ideal Shock Strength ................................................................................................................... 3
StanShock ................................................................................................................................... 4
Incident Shock Wave Attenuation .......................................................................................... 5
Post-Reflected-Shock Pressure Rise ....................................................................................... 5
Sensitivity Analysis ................................................................................................................ 6
RESULTS ....................................................................................................................................... 8
Experimental Validation ............................................................................................................. 8
Post-Reflected-Shock Pressure Rise ......................................................................................... 10
Incident Shock Wave Attenuation ............................................................................................ 12
CONCLUSION ............................................................................................................................. 14
Future Work .............................................................................................................................. 14
LIST OF REFERENCES .............................................................................................................. 15
v

LIST OF FIGURES
Figure 1: Sensitivity analysis for (top) incident shock characteristics – M1 and attenuation – and
(bottom) test region pressure characteristics – p5 and dp*/dt – with respect to mesh size .............. 7
Figure 2: Comparison of UCF’s HiPER-STAR experimental data and StanShock simulations for
test section pressure traces .............................................................................................................. 8
Figure 3: Comparison of UCF low-pressure shock tube experimental data and StanShock
simulations for (top) incident shock wave attenuation and (bottom) test section pressure traces 10
Figure 4: Comparison of StanShock pressure rise results with resulting correlations for pressure
rise with respect to initial conditions ............................................................................................ 11
Figure 5: Comparison of StanShock attenuation results with resulting correlations for attenuation
with respect to initial conditions ................................................................................................... 12

vi

LIST OF TABLES
Table 1: UCF shock tube geometry and design information .......................................................... 1
Table 2: Sensitivity analysis for characteristic quantities calculated from StanShock simulations
for HiPER-STAR with P4 = 10 bar and P1 = 1 bar for nitrogen driver and driven gases ............... 6
Table 3: Correlations from StanShock simulation results for [dp*/dt]correlation = c P1 a M1 b where
dp*/dt and P1 are in %/ms and Pa, respectively ............................................................................ 12
Table 4: Correlations from StanShock simulation results for [Attenuation]correlation = c P1 a P4 b
where attenuation is in %/m and P1 and P4 are in Pa .................................................................... 13

vii

INTRODUCTION
Analytical studies of shock tube experiments are severely limited by the assumptions of
ideal shock tube theory – ideal gas assumptions, uniform flow assumptions, negligible viscous
effects, negligible heat transfer, and negligible . This study will focus on non-ideal effects in
simulated and experimental data for UCF’s two shock tube facilities. Geometry information for
these shock tubes is shown in Table 1. HiPER-STAR is a newer facility designed to perform
experiments at much higher pressures than UCF’s existing shock tube.
Table 1: UCF shock tube geometry and design information

Driven diameter [cm]
Driven length [m]
Driver-driven area ratio
Design pressure range [bar]

Low-Pressure Shock
Tube (LPST)
13.97
8.541
1
< 120

High-Pressure Shock
Tube (HiPER-STAR)
7.62
7.176
1.667
< 1000

Non-Ideal Effects
Non-ideal effects significantly affect shock tube performance. Viscous effects lead to
boundary layer development behind the incident shock wave, which causes shock wave
attenuation and post-reflected-shock pressure rise. Diaphragm opening time and pattern affect
shock formation. In addition, despite shock tube experiments being relatively low enthalpy, heat
transfer between the flow and the surroundings still occurs. With increasing pressure, the ideal
gas assumptions become less accurate and real gas effects must be considered. Boundary layer
interaction with the reflected shock wave can also lead to shock bifurcation.
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Boundary layer effects are more noticeable in shock tubes with smaller inner diameters,
as the boundary layer constitutes a larger percentage of the overall cross-sectional area.
Boundary layer effects also decrease with increasing pressure, as the resulting boundary layer
becomes thinner. Viscous effects cause the transfer of kinetic energy to heat energy, which
causes attenuation of the incident shock wave. In addition, the boundary layer compresses the
core flow of the post-reflected-shock region and thus the pressure at the test section increases
over time, resulting in uncertainty in the test conditions. A comprehensive study of various nonideal effects and contributing factors was performed by Petersen (Petersen, 1998).

Literature Review
Mirels presented an analytical method for computing incident shock wave attenuation
due to boundary layer growth in shock tube experiments (Mirels, 1957). The computations rely
on laminar boundary layer assumptions that do not hold for strong shock waves.
Nativel et al. investigated incident shock wave attenuation, post-reflected-shock pressure
rise, and boundary layer growth across various shock tube facilities with differing geometric
characteristics (Nativel et al., 2020). Mach number was demonstrated to have a strong effect on
pressure rise and a negligible effect on attenuation. Smaller shock tube diameters were strongly
correlated with higher incident shock wave attenuation. Uncertainty in ignition delay time
experiments were also investigated, showing that it is necessary to consider facility dependent
effects for accurate measurements. This study will follow a similar approach for data analysis
and correlation development to the study performed by Nativel et al., albeit with emphasis on
simulation data rather than experimental data.
2

METHODOLOGY
Simulations in this study are performed with a gas-dynamics solver called StanShock
(Grogan & Ihme, 2020). Simulated pressure traces are analyzed to calculate the incident shock
characteristics and test conditions. These results are then compared to ideal shock strength
calculations. Correlations can be developed using linear approximations for many simulated data
points. Simulations are run over a wide range of pressures and initial diaphragm pressure ratios
to characterize the expected behavior of the shock tubes.

Ideal Shock Strength
For a shock tube with an area change at the diaphragm section and with flow in the
subsonic or supersonic regimes, the pressure ratio across the diaphragm can be related to the
incident shock Mach number for an ideal shock tube using the system of equations shown in
Equations 1 through 5 (Alpher & White, 1958). The ideal shock strength provides a baseline for
evaluating the impact of non-ideal effects on experiments.
As with traditional shock tube region numbering, region 1 is the initial driven gas state,
region 2 is the shocked driven gas state, region 3 is the expanded driver gas state, and region 4 is
the initial driver gas state. Regions 3a and 3b correspond to the expanded driver gas on the driver
and driven sides of the diaphragm section respectively for the case of area change at the
diaphragm section. Assuming unsteady expansion from region 4 to region 3a and steady
expansion from region 3a to region 3b, the system of equations is:
(𝛾4 +1)⁄2(𝛾4 −1)

2
𝐴4 𝑀3𝑏 2 + (𝛾4 − 1)𝑀3𝑎
=
[
2 ]
𝐴1 𝑀3𝑎 2 + (𝛾4 − 1)𝑀3𝑏
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(𝛾4 − 1)𝑀3𝑏
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(𝛾4 − 1)𝑀3𝑎

(3)

Equations 1 through 3 relate the driver to driven area ratio to the Mach number of the
flow in region 3 and the system of equations must be solved iteratively. Coupled with Equation
4, the pressure ratio across the incident shock can be directly related to the pressure ratio across
the diaphragm and the driver to driven area ratio of the shock tube.
2𝛾4 ⁄(𝛾4 −1)
𝑝4 𝑝2 1
𝛾4 − 1
=
[1 +
𝑀3 ]
𝑝1 𝑝1 𝑔
2

(4)

From the shock pressure ratio, the incident shock Mach number can be directly calculated
from the ideal normal shock relations with Equation 5. Therefore, the ideal shock strength of a
shock tube can be calculated for any given initial diaphragm pressure ratio.
𝑝2 2𝛾1 𝑀𝑠2 − (𝛾1 − 1)
=
𝑝1
𝛾1 + 1

(5)

StanShock
StanShock is a quasi-one-dimensional compressible flow solver for the Navier-Stokes
equations with source terms for reaction chemistry, area variation, and boundary layer growth.
Using shock tube geometry information, driver and driven mixture information, and initial
temperature and pressure conditions, StanShock will simulate the gas dynamics and reaction
chemistry for the shock tube experiment. Reaction rates, thermodynamics, and transport
4

processes are calculated from mechanism files using Cantera. All simulations other than
experimental validation in this study are using nitrogen for both driver and driven mixtures.
Incident Shock Wave Attenuation
The incident shock wave attenuates due to boundary layer growth as the shock wave
propagates through the driven section mixture. Pressure traces from StanShock simulations are
analyzed at several locations distributed throughout the driven section of the shock tube. The
incident shock wave is identified using the first peak in the logarithmic derivative of pressure
with respect to time, and the line of maximum pressure rise in the pressure trace is traced back to
the initial pressure condition to calculate the shock wave time of arrival. The position and arrival
time data is then used to calculate the average shock speed across each interval. A least squares
linear fit is calculated from the midpoints of each interval and the average shock speed across
that interval. The linear fit is extrapolated to the endwall to find M1 and the slope of the linear fit
gives the incident shock wave attenuation.
Post-Reflected-Shock Pressure Rise
The linear pressure rise region is bounded by the arrival of the reflected shock wave and
the arrival of reflected compression waves from the interaction of the reflected shock wave and
the contact surface. This region is also referred to as the test region, as the temperature and
pressure conditions for its duration are approximately equal to the desired test conditions if the
linear pressure rise is relatively low.
Temporal pressure data from StanShock at the shock tube driven endwall is analyzed to
calculate the post-reflected-shock pressure, p5, as well as the linear pressure rise, dp*/dt, in the
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post-reflected-shock region. The bounds of the test region are found using the peaks in the
logarithmic derivative of pressure with respect to time. A least squares linear fit with these
bounds is then calculated to approximate the linear pressure rise region. The pressure
immediately after the reflected shock is recorded as p5 and the linear pressure rise is calculated
from the slope of the linear fit using Equation 6.
𝑑𝑝∗ 𝑑𝑝⁄𝑑𝑡
=
𝑑𝑡
𝑝5

(6)

Sensitivity Analysis
A sensitivity analysis for the calculated incident shock characteristics and post-reflectshock conditions to the mesh resolution of the shock tube geometry inputted to StanShock is
required to verify the accuracy of reported data. Shown in Figure 1 are the characteristic
quantities plotted with respect to the geometry mesh spacing, as well as power law
approximations for each quantity.
Table 2: Sensitivity analysis for characteristic quantities calculated from StanShock simulations
for HiPER-STAR with P4 = 10 bar and P1 = 1 bar for nitrogen driver and driven gases
Infinite Mesh Approximation

Δx = 2.68 mm (5000 nodes)

Error [%]

M1

1.6791

1.6799

0.05

Attenuation [%/m]

1.3028

1.3241

1.64

P5 [bar]

8.0347

8.0143

0.25

dp*/dt [%/ms]

2.0470

2.0540

0.34
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The power law approximation is used to estimate the infinite mesh value for each
quantity and is then compared to the quantities calculated at a node density of 5000, the mesh
resolution used for the simulations in this study, and the results are tabulated in Table 2. Error in
reported values is shown to be quite low compared to theoretical infinite mesh value.

Figure 1: Sensitivity analysis for (top) incident shock characteristics – M1 and attenuation – and
(bottom) test region pressure characteristics – p5 and dp*/dt – with respect to mesh size
7

RESULTS
Simulations were conducted with StanShock to reproduce experimental results and
develop theoretical correlations for incident shock wave attenuation and post-reflected-shock
pressure rise for UCF’s LPST and HiPER-STAR shock tube facilities. Comparisons are made
between these geometrically different shock tubes and the resulting differences in simulated and
observed non-ideal effects.

Experimental Validation
Initial characterization experiments at the HiPER-STAR facility were conducted at low
pressures to test the operation of the shock tube and to gather data for comparison with the
expected behavior from simulations. A comparison between experimental pressure data and
pressure traces simulated with StanShock is shown in Figure 2. Attenuation and shock speed
measurements were unavailable for this experiment.

Figure 2: Comparison of UCF’s HiPER-STAR experimental data and StanShock simulations for
test section pressure traces
8

As expected, the StanShock simulation without boundary layer terms overpredicts p2 and
p5 and predicts a flat pressure trace in the test region. However, with the boundary layer terms
enabled, StanShock accurately models the attenuation of the incident shock that occurs due to
boundary layer growth, and the predicted p2 and p5 are much closer to experimental data. In
addition, the linear pressure rise after the reflected shock simulated with StanShock tracks very
closely with the experimental pressure trace, both before and after the arrival of compression
waves produced by the interaction between the reflected shock wave and the contact surface that
marks the end of the test time. The experimental pressure trace shows a more gradual end to the
linear pressure region than StanShock predicts, which is most likely due to mixing at the contact
surface that results in a less defined discontinuity which is not captured by contact surface model
used in StanShock.
Additional validation using experimental data from UCF’s low-pressure shock tube
facility is shown in Figure 3. StanShock slightly overpredicted M1 and underpredicted incident
shock wave attenuation for this specific experiment. However, the number of data points and
their spacing for the measured shock speed negatively affects the experimental M1 linear fit
which causes some uncertainty in the reported attenuation. Additional analysis is needed to better
understand the experimental variation in attenuation and to better understand the accuracy of
StanShock in reproducing experimental conditions. The experimental pressure trace didn’t show
as high of a post-reflected-shock pressure as StanShock predicted; however, this could be
attributed to experimental uncertainty in the pressure transducer scaling.
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Figure 3: Comparison of UCF low-pressure shock tube experimental data and StanShock
simulations for (top) incident shock wave attenuation and (bottom) test section pressure traces
Post-Reflected-Shock Pressure Rise
Post-reflected-shock pressure rise is a major cause of uncertainty in the reported test
conditions for a shock tube experiment. Ideally the pressure in the test region would be constant
for the entire test time which would allow for accurate measurements of chemical reactions
occurring in test mixtures without error from transient effects.
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Figure 4: Comparison of StanShock pressure rise results with resulting correlations for pressure
rise with respect to initial conditions
The pressure rise data extracted from StanShock simulations is shown in Figure 4
compared to correlations developed from the data sets using least squares regression on the
initial conditions for the simulations. The parameters for these correlations are shown in Table 3
along with the range of conditions simulated and the correlation coefficients.
As expected, it is shown that the higher diameter shock tube experienced lower postreflected-shock pressure rise than the smaller diameter shock tube. This is because boundary
layer effects are less significant for larger shock tubes, since the size of the boundary layer is
smaller relative to the cross-sectional area of the shock tube. In addition, the results of the
simulations reproduce the expected response of pressure rise with respect to initial driven
pressure, showing that lower pressures experience more severe boundary layer effects and thus a
higher post-reflected-shock pressure rise in the test section.
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Table 3: Correlations from StanShock simulation results for [dp*/dt]correlation = c P1 a M1 b where
dp*/dt and P1 are in %/ms and Pa, respectively
Corr. #

a

b

c

Dataset

1

-0.150

3.689

1.013

2

-0.249

0.919 22.792 HiPER-STAR, 1 < P4 < 500 bar, 10 < P4/P1 < 100

LPST, 1 < P4 < 500 bar, 10 < P4/P1 < 100

r2
0.997
0.944

Incident Shock Wave Attenuation
Incident shock wave attenuation is driven by boundary layer growth, with experimental
diaphragm opening also contributing to this non-ideal behavior. Higher attenuation is expected in
smaller diameter shock tubes, at lower driven pressures, and at higher initial diaphragm pressure
ratios. Figure 5 shows the attenuation results from the StanShock simulations for the shock tube
geometries and conditions for this study compared to the correlations developed from the dataset.
Attenuation for HiPER-STAR, with a diameter slightly more than half that of the LPST, to be
significantly higher.

Figure 5: Comparison of StanShock attenuation results with resulting correlations for attenuation
with respect to initial conditions
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Parameters for these correlations are shown in Table 4, which attempt to capture the
dependency of attenuation on driven pressure and diaphragm pressure ratio. Additional analysis
to capture the effect of shock tube diameter in the constant coefficient for each correlation will
provide additional insight.
Table 4: Correlations from StanShock simulation results for [Attenuation]correlation = c P1 a P4 b
where attenuation is in %/m and P1 and P4 are in Pa
b

c

a

3

0.140

-0.396 13.306 LPST, 1 < P4 < 500 bar, 10 < P4/P1 < 100

0.741

4

0.024

-0.128

0.831

6.395

Dataset

r2

Corr. #

HiPER-STAR, 1 < P4 < 500 bar, 10 < P4/P1 < 100
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CONCLUSION
StanShock accurately models experimental pressure traces from initial conditions for
low-pressure shock tube experiments. Simulated boundary layer growth produces useful
correlations for non-ideal effects such as incident shock wave attenuation and post-reflectedshock pressure rise for UCF’s shock tube facilities. These correlations allow for more accurate
experiment planning and a good basis for characterizing the behavior of the HiPER-STAR
facility. To compensate for the higher post-reflected-shock pressure rise due to shock tube
diameter in UCF’s HiPER-STAR facility, a driver insert should be used to reflect expansion
waves and limit pressure rise due to boundary layer growth.

Future Work
Additional experimental validation is needed to verify the accuracy of data from
StanShock simulations. Analyzing a more comprehensive set of previously acquired data from
the LPST facility, as well as performing characterization experiments at elevated pressures for
the HiPER-STAR facility, will give insight into modeling of non-ideal effects such as real gas
effects, at elevated pressures. In addition, diaphragm opening effects should be investigated with
StanShock by changing the area of the shock tube at the diaphragm at the simulation start time to
improve attenuation predictions and better develop the correlations in this study.
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